Introduction
============

With the emergence of strong experimental evidence that neurogenesis has a role in some forms of hippocampal-based learning and memory,^[@bib1],\ [@bib2]^ uncovering the mechanisms that regulate this process has become a major priority. The gain of mechanistic insight is of particular importance, as the ability to activate hippocampal neurogenesis may have great novel therapeutic potential for the treatment of psychiatric and neurological conditions. Given that neurogenesis can be enhanced by a range of stimuli, including learning,^[@bib1]^ exercise,^[@bib3]^ environmental enrichment,^[@bib4]^ antidepressant treatment,^[@bib5]^ electroconvulsive seizure^[@bib5]^ and deep brain stimulation,^[@bib6],\ [@bib7]^ the regulatory mechanism may be linked to synaptic activity. It has been shown that running enhances long-term potentiation (LTP), particularly in recently born neurons.^[@bib3]^ Moreover, evidence now suggests that LTP *per se* activates neurogenesis and the survival of newborn neurons, although the mechanism by which this occurs remains unclear.^[@bib8],\ [@bib9],\ [@bib10],\ [@bib11]^

Recently, we discovered that K^+^-mediated depolarization, an *in vitro* correlate of synaptic activity, can activate a large pool of quiescent precursor cells in the adult hippocampus.^[@bib12]^ This precursor pool was approximately three times larger than the cycling population and contained true stem cells, thus representing an enormous reservoir of neurogenic precursors. Although we demonstrated that this latent population could be activated using an *in vivo* epilepsy model, it was unclear whether these cells could be activated by electrophysiological stimulation associated with learning.

Here, we report that the induction of long-lasting LTP *in vivo* can activate the pool of latent precursor cells in the mouse hippocampus, thereby increasing neurogenesis. Protocols that failed to induce LTP, induced only early LTP, used low-frequency stimulation (LFS), or included a pharmacological blocker of LTP, all failed to activate neurogenesis.

Materials and methods
=====================

Surgery and perforant pathway stimulation
-----------------------------------------

Experiments were conducted in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes and were approved by the University of Queensland Animal Ethics Committee.

Adult male C57BL/6 mice (10-weeks old) were anesthetized with either sodium pentobarbital (injected i.p.; 60 mg kg^−1^), which was supplemented throughout surgery and recording as required (15 mg kg^−1^), or isoflurane (2.0±0.5% Attane, Bomac Pty, NSW, Australia) vaporized with oxygen (2 l min^−1^; Isotec 5, Mediquip, QLD, Australia). Mice were placed in a stereotaxic frame and body temperature was maintained at 37 °C.

In one hemisphere only, either a glass pipette-recording electrode filled with 1  NaCl or a Teflon-coated stainless steel wire (0.076 mm; A-M Systems, Carlsborg, WA, USA) was positioned 2 mm posterior to bregma, 1.4 mm lateral to the midline, and lowered into the hilus of the dentate gyrus. A Teflon-coated stainless steel stimulating electrode was positioned ipsilaterally 2.5 mm lateral to lambda and lowered into the perforant pathway. Electrode positioning was limited to four penetrations while maximizing the field extracellular postsynaptic potential (fEPSP) response. After generating an input/output curve (see below), the recording electrode was raised to the dentate molecular layer, to allow the recording of a fEPSP uncontaminated by the population spike. A stable 15 min baseline of evoked potentials was recorded (stimulus pulse width 50 μs, at 0.033 Hz) before tetanization (see below). All recorded signals were amplified, filtered, digitized and analyzed offline.

In the first set of experiments, mice were assigned to one of four groups: (1) the LTP(+) group, if fEPSP response was \>120% of the baseline at 60 min after high-frequency stimulation (HFS); (2) the CPP (3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid) group, in which LTP was blocked with CPP (13 mg kg^−1^, i.p.; Tocris Cookson, Buckhurst Hill, UK) injected 1 h before HFS; (3) the LFS group that was subjected to 1 Hz LFS; or (4) the LTP(−) group, in which mice received HFS but LTP was not induced (that is, the fEPSP response was \<120% at 10 min after HFS). Evoked responses were recorded for 60 min after tetanization. In a second set of experiments, mice were assigned to one of two groups: (1) the early-LTP group, if the fEPSP response was \<120% of the baseline at 60 min after HFS; or (2) the late-LTP group, if the fEPSP response was \>120% at 60 min after HFS. In this experiment, evoked responses were recorded for 160 min after tetanization.

The baseline stimulus intensity was set to 70% of threshold for generating a population spike in the hilus (from the input/output curve). Tetanic stimuli were delivered at an intensity that produced a hilar population spike 30% of maximum. Mice in the LTP(+) and LTP(−) groups were given one of two HFS protocols. The 250 Hz HFS protocol consisted of 50 pulses (pulse width 50 μs) at 250 Hz, repeated three times (20 s between repetitions). The 400 Hz HFS protocol consisted of six trains of six pulses (pulse width 50 μs, 100 ms inter-train interval) repeated six times (15 s between repetitions). Mice in the CPP, early-LTP and late-LTP groups all received the 400 Hz HFS protocol. The LFS group received a 1 Hz stimulation protocol that consisted of an equal number of pulses (216) to the 400 Hz HFS protocol.

Online analysis of the fEPSP slope was made in several selected regions of interest using pClamp software (Molecular Devices, Sunnyvale, CA, USA). This analysis was used to determine the number of HFS trains required to induce stable LTP. An average of two HFS protocols was required to achieve a stable LTP \>120% of baseline at 10 min after HFS.

The magnitude of LTP was calculated at the end of the recording session (that is, between 50 and 60 min for the first set of experiments, and 150 and 160 min for the second set of experiments), and expressed as the percentage change from the fEPSP baseline (10 min preceding HFS). After recordings were completed, the electrodes were removed, the skin was closed with Vetbond (3  Animal Care, St Paul, MN, USA) and the animals were returned to their home cages. Post-operative care consisted of antibiotic (5 mg kg^−1^ enrofloxacin, Baytril, Bayer Healthcare, Pymble, Australia) and analgesic (1 mg kg^−1^ butorphanol tartrate, Torbugesic, Ausrichter Pty Ltd, Annandale, Australia) treatment, administered for 2 days after surgery.

Neurosphere culture
-------------------

At 60 min, 2 days or 4 days after stimulation, mice were killed by cervical dislocation, their brains were removed, and the control and stimulated hippocampi were carefully dissected. Tissues were manually homogenized, then digested in 1 mg ml^−1^ papain (Worthington Biochemical, Lakewood, NJ, USA) and 0.25 mg ml^−1^ DNase I (Roche, Basel, Switzerland) in 1 ml Hank\'s balanced salt solution (HBSS; Thermo Fischer Scientific, Waltham, MD, USA) for 20 min at 37 °C and triturated gently twice during incubation. Tissue samples were centrifuged at 100 rcf for 5 min and the resulting pellet resuspended in 1 ml Hank\'s balanced salt solution. After a second centrifugation, the pellet was resuspended in 1 ml neurosphere growth medium and filtered through a 40-μm cell sieve (Falcon/BD Biosciences, Sydney, Australia). The neurosphere growth medium consisted of mouse NeuroCult NSC Basal Medium, plus mouse NeuroCult NSC Proliferation Supplements (StemCell Technologies, Vancouver, Canada) containing 2% bovine serum albumin (Sigma-Aldrich, Sydney, Australia) and 2 μg ml^−1^ heparin (Sigma-Aldrich). The following growth factors were also included: 20 ng ml^−1^ purified mouse receptor-grade epidermal growth factor (EGF) (BD Biosciences) and 10 ng ml^−1^ recombinant bovine fibroblast growth factor (FGF)-2 (Roche). Cells were plated at a density of half of the hippocampus per 96-well plate (Falcon/BD Biosciences) with 200 μl neurosphere medium per well. Primary hippocampal cells were incubated for 12 days at 37 °C in humidified 5% CO~2~ to allow neurosphere formation under high K^+^ (15 m KCl) or low K^+^ (standard culture medium) conditions.

5-bromo-2′-deoxyuridine (BrdU) protocols
----------------------------------------

BrdU (Sigma-Aldrich) was injected i.p. 4 days after stimulation (120 mg kg^−1^, six injections, once every 2 h).^[@bib12]^ Mice were killed 30 min (for proliferation analysis) or 1 week (for differentiation analysis) after the last BrdU injection with an overdose of sodium pentobarbital. Animals were perfused transcardially with 4% paraformaldehyde in phosphate-buffered saline (PBS). Brains were post-fixed overnight at 4 °C, then cryoprotected in PBS with 30% sucrose. Serial coronal frozen sections (20 μm) of the hippocampus were cut on a cryostat.

Immunohistochemistry
--------------------

Every sixth section throughout the hippocampus was stained with an anti-BrdU antibody to assess proliferation, or anti-BrdU and anti-doublecortin (DCX) antibodies to assess differentiation. Sections were denatured in 2 HCl for 30 min at 37 °C, washed three times in PBS, and then blocked in PBS containing 10% normal goat serum. The following primary antibodies were used: mouse anti-BrdU conjugated with biotin (1:500; Invitrogen, Melbourne, Australia) and rabbit anti-DCX (1:1000, Sapphire Bioscience, Sydney, Australia). Sections were incubated overnight at 4 °C in primary antibody, washed with PBS, then incubated at room temperature for 2 h with secondary antibody, either streptavidin-Cy3 (1:500, GE Healthcare Bio-Science, Sydney, Australia) or goat anti-rabbit Alexa-488 (1:2000, Invitrogen). Sections were washed three times then coverslipped with fluorescence-mounting medium (Dako, Carpinteria, CA, USA).

Image analyses
--------------

A Zeiss Axio Imager (Zeiss, Goettingen, Germany) was used to collect pictures of every sixth section with an Apotome optical sectioning device ( × 20 objective; Zeiss, Goettingen, Germany). Stereological quantification involved measuring the perimeter of the subgranular zone of the dentate gyrus and counting BrdU-positive and BrdU/DCX double-positive cells along the entire *z* axis (20 μm), to enable the density of BrdU-positive or BrdU/DCX double-positive cells to be calculated. False double-positive cells caused by overlay signal from different cells were excluded by rotating in orthogonal planes.

Statistical analysis
--------------------

LTP was expressed as the percentage change from the fEPSP baseline. The early-LTP and late-LTP groups were statistically compared using Student\'s unpaired *t*-test. For each LTP protocol, the number of neurospheres obtained from each mouse was calculated as a ratio (stimulated hemisphere compared with unstimulated hemisphere), and the group data was evaluated statistically using the Wilcoxon matched-pairs signed rank test. To compare neurosphere numbers with LTP protocols, Student\'s unpaired *t*-test with Welch\'s correction was used. Pearson\'s *r* correlation was used to assess the relationship between the magnitude of LTP and degree of precursor activation. To determine the number of BrdU and BrdU/DCX double-positive cells, the number of labeled cells observed in each mouse was evaluated using Student\'s paired *t*-test (stimulated hemisphere and unstimulated hemisphere). Comparisons between groups were performed using Student\'s unpaired *t*-test. Statistical significance was defined as *P*\<0.05.

Results
=======

We examined whether synaptic activity associated with learning and memory can stimulate latent hippocampal precursor cells to undergo neurogenesis. HFS was applied to the perforant pathway *in vivo* to induce LTP (LTP(+) group). In some animals, this protocol failed to induce LTP, allowing for a no-LTP control (LTP(−) group) to be examined. To assess the effect of afferent stimulation *per se* on hippocampal precursor activation, a non-LTP-inducing 1 Hz LFS protocol was also used (LFS group). To examine the involvement of *N*-Methyl\--aspartic acid (NMDA) receptors, the antagonist CPP was administered to animals 60 min before HFS (CPP group).

Induction of LTP was required to activate latent precursors in the mouse dentate gyrus
--------------------------------------------------------------------------------------

To establish an optimal HFS protocol in mice, we stimulated the perforant pathway with brief trains of HFS at 250 Hz or 400 Hz. Stable LTP was induced in 86% of the mice stimulated at 400 Hz and 40% of those stimulated at 250 Hz. At 60 min after HFS, the mean fEPSP in the LTP(+) group was 149.0±6.8% (mean±s.e.m.; *n*=11) of the baseline ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The LTP(−) group of mice showed a mean fEPSP of 95.0±2.7% at 10 min after HFS (*n*=4), and 97.7±1.7% at 60 min after HFS. In the presence of CPP, HFS produced no LTP, with the mean fEPSP 60 min after HFS reduced to 106.1±5.8% (*n*=4), whereas delivery of LFS (1 Hz) to the perforant pathway also failed to induce LTP, resulting in a mean fEPSP of 95.1±3.8% (*n*=6).

To investigate whether these stimulation protocols resulted in precursor activation, we assayed for hippocampal neurosphere formation under low and high K^+^ culture conditions. This was done to determine both the magnitude of activation and the proportion of the latent pool activated relative to the maximum response seen in high K^+^. We first explored the extent of precursor activation 48 h after HFS, as we had previously found that 24--48 h of K^+^ depolarization *in vitro* was required for the activation of latent precursor cells in the mouse dentate gyrus.^[@bib12]^ In the low K^+^ assay, we found an approximate two-fold increase in the number of neurospheres generated in LTP-stimulated hippocampi, compared with unstimulated control hippocampi ([Figure 1](#fig1){ref-type="fig"}; *P*=0.002, *n*=11, Wilcoxon matched-pairs signed rank test). No significant change in neurosphere number was observed in the CPP, LFS or LTP(−) groups relative to the unstimulated hemisphere (Wilcoxon matched-pairs signed rank test). A significantly greater number of neurospheres were formed from the stimulated hippocampus of the LTP(+) group compared with the stimulation control (stimulated hippocampus of the LTP(−) group; [Figure 1](#fig1){ref-type="fig"}; *P*=0.0016, Student\'s *t*-test with Welch\'s correction). However, when LTP was blocked with CPP (*n*=4), there was a significant decrease in neurosphere number compared with the LTP(+) group (*P*\<0.0001, Student\'s *t*-test with Welch\'s correction) and the LTP(−) group (*P*=0.0018, Student\'s *t*-test with Welch\'s correction). In the presence of depolarizing levels of K^+^, a slight increase in the number of neurospheres cultured from the stimulated hippocampus of the LTP(+) group was observed, when compared with the unstimulated hippocampus, although this result was not statistically significant ([Figure 1](#fig1){ref-type="fig"}; *P*=0.0753, *n*=11, Wilcoxon matched-pairs signed rank test). Again, LFS and LTP(−) produced no change, whereas the CPP group showed a marked suppression of precursors activated by K^+^ compared with the LTP(+) group in high K^+^ ([Figure 1](#fig1){ref-type="fig"}; *P*=0.0006, Student\'s *t*-test with Welch\'s correction) and the LTP(−) group in high K^+^ (*P*=0.0078, Student\'s *t*-test with Welch\'s correction).

Although there was a trend suggesting that together, the induction of LTP and depolarizing levels of K^+^ could give rise to more neurospheres than depolarizing K^+^ alone, we sought to investigate this further. To determine the extent to which LTP activated the quiescent hippocampal precursor population, we compared the number of neurospheres generated in low K^+^ culturing conditions following LTP with the number generated from the unstimulated hemisphere cultured in high K^+^. We found a similar number of neurospheres could be generated with LTP as with high K^+^ depolarizing conditions alone (data not shown; 99.3±17.8% of the unstimulated high K^+^ condition), indicating that the induction of LTP can activate neural precursor cells to a similar extent as depolarizing levels of K^+^.

To investigate the time course of precursor activation following the successful induction of LTP, we assayed hippocampi 60 min and 4 days after HFS. At 60 min following the delivery of HFS, the mean fEPSP change was 174.5±21.0% (*n*=6) of the baseline ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). When hippocampi were dissociated and cultured 60 min after HFS, we observed an increase in the number of spheres cultured in both low and depolarizing levels of K^+^; however, these trends were not statistically significant ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}; *P*\>0.05, *n*=3, Wilcoxon matched-pairs signed rank test). Similarly, when hippocampi were assayed 4 days after HFS, there were no differences in neurosphere number between the stimulated and unstimulated hippocampi, for either of the two K^+^ conditions ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}; *P*\>0.05, *n*=3, Wilcoxon matched-pairs signed rank test).

Induction of late-LTP, but not early-LTP, is required to activate precursor cells
---------------------------------------------------------------------------------

To begin teasing apart the mechanisms that underlie the activation of latent precursor cells in the mouse dentate gyrus following the induction of LTP, we took advantage of the phasic nature of LTP by inducing either early- or late-phase LTP ([Figure 2a](#fig2){ref-type="fig"}). Mice were assigned to the early- or late-LTP group according to the fEPSP outcome following 400 Hz HFS (see Methods). In the early-LTP group, the mean fEPSP response was 139.0±5.8% at 10 min after HFS (*n*=3), but it subsequently decayed back to baseline (104.0±3.7% at 60 min after HFS, and 101.4±10.4% at 160 min after HFS). In the late-LTP group, the fEPSP response was 171.3±6.4% at 10 min after HFS (*n*=4) and remained potentiated for the duration of the experiment (153.4±16.9% at 60 min after HFS, and 163.1±17.4% at 160 min after HFS). At the end of recording (160 min), the magnitude of potentiation in the late-LTP group was significantly different from the early-LTP group ([Figure 2a](#fig2){ref-type="fig"}; *P*\<0.0001, Student\'s *t*-test).

We then processed the hippocampi for the neurosphere assay to investigate whether the *induction* of short-lasting early-LTP is sufficient to activate precursor cells in the dentate gyrus, or whether the mechanisms underlying the *maintenance* phase of late-LTP are required for precursor cell activation. When LTP did not persist beyond 60 min (early-LTP group), we observed no significant difference in neurosphere number between the stimulated and unstimulated hippocampi, in both the low and high K^+^ culturing conditions ([Figure 2b](#fig2){ref-type="fig"}; *P*\>0.05, *n*=3, Wilcoxon matched-pairs signed rank test). When LTP was maintained for at least 160 min after tetanus (late-LTP group), we observed a 1.8-fold increase in the number of neurospheres cultured in low K^+^ media, relative to the unstimulated hippocampus; however, this difference did not reach significance ([Figure 2b](#fig2){ref-type="fig"}; *P*\>0.05, *n*=4, Wilcoxon matched-pairs signed rank test). Nevertheless, the induction of late-LTP resulted in a significantly greater number of neurospheres cultured in low K^+^ than did the induction of early-LTP ([Figure 2b](#fig2){ref-type="fig"}; *P*=0.0051, Student\'s *t*-test with Welch\'s correction).

To further confirm that the induction of LTP is associated with precursor cell activation, we looked at the relationship between the magnitude of LTP at 60 min after HFS and the number of neurospheres grown *in vitro*, when hippocampi were isolated 48 h after HFS (mice from the LTP(+), LTP(−), early-LTP and late-LTP groups were included in the analysis, *n*=4, 4, 3 and 4, respectively). We found a striking correlation between the magnitude of LTP and extent of precursor cell activation ([Figure 2c](#fig2){ref-type="fig"}; *r* = 0.879, *P*\<0.0001, *n*=15, Pearson\'s correlation), indicating that activation of precursors is a graded phenomenon and is related to the strength of LTP induced.

LTP enhanced proliferation and neurogenesis in the dentate gyrus
----------------------------------------------------------------

To examine whether the observed significant increase in precursor number as assessed *in vitro* was reflected *in situ* by an increase in proliferation and production of neurons in the dentate gyrus, BrdU was injected i.p. 4 days after perforant pathway stimulation. The mice were then killed either 30 min (to assess proliferation) or 1 week (to assess neuronal production) after the last BrdU injection. The stimulated hippocampus from the LTP(+) group contained a significantly higher number of BrdU-positive cells than the opposite control hemisphere ([Figure 3a](#fig3){ref-type="fig"}; stimulated hemisphere 9.2±0.8 cells mm^−1^ of dentate gyrus, control hemisphere 6.6±0.6 cells mm^−1^; *P*=0.038, *n*=5, Student\'s paired *t*-test). Furthermore, the LTP(+) group showed a significantly greater number of BrdU-positive cells than the CPP ([Figure 3a](#fig3){ref-type="fig"}; *P*=0.0096, *n*=5, Student\'s unpaired *t*-test) and LFS (*P*=0.028, *n*=5, Student\'s unpaired *t*-test) groups.

In line with *in vitro* results above, the LFS group (*n*=6) showed no statistically significant change in the number of BrdU-positive cells ([Figure 3a](#fig3){ref-type="fig"}; stimulated hemisphere, 4.2±1.1 cells mm^−1^ of dentate gyrus; control hemisphere, 3.5±1.1 cells mm^−1^; *P*\>0.05, Student\'s paired *t*-test). Similarly, the CPP group (*n*=5) showed no statistically significant change in the number of BrdU-positive cells between the stimulated hemisphere (5.4±0.8 cells mm^−1^ of dentate gyrus) and the control hemisphere (5.1±0.5 cells mm^−1^; *P*\>0.05, Student\'s paired *t*-test). Thus, it was only following LTP induction that any change in the number of BrdU-positive cells was observed.

To determine whether the increase in proliferation resulted in an increased number of neurons, we stained for doublecortin (DCX) expression, an early marker of cells committed to the neuronal lineage. The LTP(+) hippocampus contained a significantly higher number of BrdU/DCX double-positive cells than the control ([Figure 3b](#fig3){ref-type="fig"}; stimulated hemisphere 3.3±0.3 cells mm^−1^ of dentate gyrus, control hemisphere 2.0±0.2 cellsmm^−1^; *P*=0.0053, *n*=6, Student\'s paired *t*-test), whereas in the LFS group no significant change was observed ([Figure 3b](#fig3){ref-type="fig"}; stimulated hemisphere 1.9±0.3 cells mm^−1^ of dentate gyrus, control hemisphere 1.6±0.2 cells mm^−1^; *P*\>0.05, *n*=6, Student\'s paired *t*-test). Similarly, no statistically significant difference in the number of BrdU/DCX double-positive cells between hemispheres was observed in the CPP group ([Figure 3b](#fig3){ref-type="fig"}; stimulated hemisphere 2.1±0.2 cells mm^−1^, control hemisphere 2.2±0.2 cells mm^−1^; *P*\>0.05, *n*=6, Student\'s paired *t*-test). Moreover, the stimulated hemisphere of the LTP(+) group revealed a significantly greater number of BrdU/DCX double-positive cells than the CPP group ([Figure 3b](#fig3){ref-type="fig"}; *P*=0.0121, Student\'s unpaired *t*-test) and the LFS group (*P*=0.0084, Student\'s unpaired *t*-test). Therefore, only in the LTP(+)-stimulated hippocampus did enhanced proliferation lead to an increase in neurogenesis ([Figures 3b and c](#fig3){ref-type="fig"}).

Discussion
==========

Here we have demonstrated that LTP-inducing stimulation of the hippocampus activates a large number of neural precursors capable of forming neurospheres *in vitro*, with a concomitant increase in the number of proliferative BrdU-positive cells and neuronally committed BrdU/DCX double-positive cells *in vivo*. Most importantly, it was only with successful and persistent LTP induction that precursor activation occurred, providing the first evidence for how synaptic activity associated with functions encoded by LTP, such as learning and memory, can specifically regulate neuronal production at the precursor level.

The two-fold increase in precursor number relative to unstimulated controls obtained by the induction of LTP indicates that the hippocampus contains a large pool of precursor cells that can be regulated by physiological inputs. We have reported previously that there is a large latent pool of hippocampal precursors that can be activated *in vitro* using depolarizing levels of K^+^, and that this population is normally quiescent.^[@bib12]^ The precursor population activated in the present study appears to be similar to the population activated by high K^+^ *in vitro*, as no significant additive effect of LTP stimulation was observed in the presence of high K^+^. Furthermore, LTP stimulation revealed a comparable number of latent precursors to that observed with the addition of K^+^ *in vitro*, suggesting that LTP and K^+^ depolarization may share similar mechanisms of precursor cell activation. Nevertheless, very few large, stem cell-derived neurospheres (\>250 μm diameter)^[@bib12]^ were generated by the induction of LTP (data not shown). A lack of activation of the small number of stem cells believed to be present in the mouse hippocampus is consistent with our previous finding, where we showed activation of the precursor pool in a pilocarpine model of epilepsy.^[@bib12]^ As such, we hypothesize that the successful induction of LTP activates latent precursor cells in the dentate gyrus, downstream of the quiescent stem cell population described recently by Lugert *et al.*^[@bib13]^ This suggests that the true hippocampal stem cell may be tightly regulated *in situ*, as is the case for many tissue-specific stem cells, and only activated under abnormal circumstances such as neurogenic depletion.

Synaptic activation of such a large pool of latent precursors appears to be unique to the hippocampus, as we have previously shown that the subventricular zone precursor pool, which provides interneurons to the olfactory bulb, does not contain a latent precursor population.^[@bib12]^ This may in part explain why hippocampal neurogenesis is highly responsive to environmental stimuli.

First, the activation of neurogenesis by LTP appears to be highly specific, as demonstrated by the inhibition of neurogenesis when NMDA receptors were blocked by CPP. It is now widely accepted that triggering LTP at synapses made by perforant pathway fibers onto dentate granule cells requires activation of the NMDA receptor and a postsynaptic rise in Ca^2+^ concentration.^[@bib14],\ [@bib15]^ Second, animals that received identical HFS stimulation, but failed to demonstrate LTP (LTP(−) group) or persistent LTP (early-LTP group), showed no change in hippocampal neurosphere numbers compared with controls. These results demonstrate that the activation process is highly sensitive and specific to LTP, and indicates that neither the delivery of HFS alone, which can result in modulatory neurotransmitter release capable of activating precursor cells in the subgranular zone,^[@bib16],\ [@bib17],\ [@bib18]^ nor the mechanisms underlying the induction of early-LTP,^[@bib19],\ [@bib20]^ are sufficient to activate the precursor cell population in the dentate gyrus of the mouse.

Although we have shown here that only the induction of late-phase LTP leads to precursor activation, the exact mechanism by which LTP activates precursor cells requires further investigation. Although it has been reported previously that a large number of factors are able to stimulate neurogenesis, few researchers have been able to identify the site of action. Recent studies (unpublished observations) have revealed that K^+^ activation *in vitro* may occur via release of soluble growth factors; thus, it may be that LTP mediates precursor activation in a similar manner. Previous studies suggest that growth factor signaling may be a more likely mechanism than direct stimulation, as neural precursors in the hippocampus and subventricular zone express growth factor receptors,^[@bib21],\ [@bib22],\ [@bib23]^ but lack the necessary receptors and ion channels to be directly activated.^[@bib24],\ [@bib25]^ Furthermore, new mRNA transcription and protein synthesis, which underlie the mechanisms of late-phase LTP,^[@bib20]^ may be required to mediate the activation of precursor cells, as proliferation-related genes are significantly enhanced following the induction of LTP *in vivo*.^[@bib26]^

The results of the BrdU-labeling experiments following LTP were largely consistent with our neurosphere assay results, and with previous rat stimulation experiments,^[@bib8],\ [@bib9],\ [@bib10]^ showing significantly enhanced proliferation and neurogenesis in the stimulated hippocampus of the LTP(+) group compared with the CPP and LFS groups. Surprisingly, although we saw a significant inhibition of neurosphere formation after the delivery of HFS in the presence of CPP, this reduction of proliferation did not translate to our *in vivo* BrdU studies (which are consistent with previous results conducted in rats^[@bib9]^). Previous reports have shown NMDA receptor antagonism increases neurogenesis,^[@bib27]^ which again appears to be in conflict with our neurosphere assay results. This may indicate that there are multiple populations of precursors with varying proliferative capacities. As we only measured precursors capable of giving rise to several hundred progeny, inhibiting the activation of this population may not have a significant effect on late-stage progenitors, which only have limited proliferative capacity. The mechanism underlying this differential effect may relate to the reported ability of NMDA receptor antagonists to arrest the cell cycle in the G~1~ phase,^[@bib28],\ [@bib29]^ which would have a much more profound effect on precursor pools than on late-stage progenitors. Alternatively, our inhibitory effect of CPP on neurosphere formation following the delivery of HFS may also be dependent on *in vivo* synaptic activity. We replicated this experiment with the omission of electrophysiological stimulation, and found no effect on neurosphere formation when hippocampi were assayed 60 min, 3 h and 2 days following CPP administration (data not shown).

We also observed a difference in the read out of proliferation 4 days following HFS, between the formation of neurospheres *in vitro*, and the BrdU-labeled cells *in vivo*. This could be because of the activation state of the precursor cell. For instance, we saw a maximal effect on neurosphere formation 2 days following LTP-inducing HFS. We hypothesize that following the induction of LTP, the precursor cell has become primed to enable a greater response to the EGF/bFGF mitogens present in the culture media. However, 4 days following HFS, the precursor cell may have either lost this priming effect or matured into a slightly later-stage progenitor, still capable of proliferating (and thus able to incorporate BrdU), but no longer more responsive to EGF/bFGF stimulation *in vitro* than cells isolated from the untetanized hippocampus. At 11 days following HFS, some of the BrdU-labelled cells already express DCX, indicating the transition into neuronally committed progenitors/neuroblasts.^[@bib30]^

The present findings, which reveal a strong correlation between the magnitude of LTP induced and the activation of a large latent neural precursor pool in the adult mouse dentate gyrus, could explain the ability of learning paradigms and environmental stimuli to increase the rate of neurogenesis in the hippocampus.^[@bib1],\ [@bib31]^ The intimate relationship between synaptic activity and neurogenesis is further highlighted by recent findings that show ablation of neurogenesis impairs the induction of LTP.^[@bib32],\ [@bib33]^

Clinical advances are now starting to show that in humans, patterns of electrical stimulation can be utilized to successfully treat psychiatric and neurological conditions such as depression, obsessive--compulsive disorder, Tourette\'s syndrome, neuropathic pain and movement disorders.^[@bib34],\ [@bib35]^ For instance, transcranial direct current stimulation has been shown to enhance aspects of memory performance in healthy controls and individuals with Parkinson\'s or Alzheimer\'s disease.^[@bib34]^ Similarly, early evidence suggests that deep brain stimulation may have an impact on the progression of symptoms in patients with Alzheimer\'s disesase,^[@bib36]^ and has been shown to promote subgranular zone proliferation and facilitate spatial memory performance in mice.^[@bib7]^ Electroconvulsive seizure is widely used as an animal model of electroconvulsive therapy, the most successful treatment for severe depression in humans.^[@bib37]^ Electroconvulsive seizure has been shown to robustly increase the proliferation and neuronal differentiation of hippocampal precursor cells in rodents^[@bib5],\ [@bib38],\ [@bib39]^ and non-human primates.^[@bib40]^ Furthermore, electroconvulsive seizure has been shown to increase hippocampal volume in patients with depression,^[@bib41]^ suggesting a role for enhanced neurogenesis.

The future holds intriguing possibilities for the modulation of human memory and cognition. With further research, and an understanding of the mechanisms underlying the association between LTP and the modulation of precursor activation, proliferation, differentiation and survival, neurogenesis may be able to be harnessed to preserve and enhance hippocampal function *in situations* such as age-related cognitive decline and the development of neuropsychological diseases.
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![LTP activates hippocampal precursors *in vitro*. To investigate whether LTP enhances proliferation of neural precursors, mice were assayed for neurosphere formation 2 days after stimulation (*n*=11, 4, 6 and 4, for the LTP(+), CPP, LFS and LTP(−) groups, respectively). Under normal K^+^ conditions, only the LTP(+) group revealed a significant increase in neurosphere number from the stimulated hemisphere relative to control hemisphere (*P*=0.002, Wilcoxon matched-pairs signed rank test). Furthermore, a significantly greater number of neurospheres were generated from stimulated hippocampi of the LTP(+) group compared with the simulated hippocampi of the CPP group (*P*\<0.0001, Student\'s *t*-test with Welch\'s correction) and LTP(−) group (*P*=0.0016, Student\'s *t*-test with Welch\'s correction). When CPP was administered to block the NMDA receptor, neurosphere formation was significantly reduced compared with the LTP(+) group (low K^+^: *P*\<0.0001, high K^+^: *P*=0.0006, Student\'s *t*-test with Welch\'s correction) and LTP(−) group (low K^+^: *P*=0.0018, high K^+^: *P*=0.0078, Student\'s *t*-test with Welch\'s correction). Error bars indicate s.e.m., low: low K^+^, high: high K^+^. ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001. Abbreviations: CPP, 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid; LTP, long-term potentiation; NMDA, *N*-Methyl\--aspartic acid.](tp201170f1){#fig1}

![Late-LTP but not early-LTP activates hippocampal precursors *in vitro*. To narrow down the mechanisms of LTP that underlie the activation of precursors, we investigated the ability of early-LTP (*n*=3) and late-LTP (*n*=3) to activate precursors using the neurosphere assay, 2 days after stimulation. (**a**) Data showing the mean fEPSP slope (±s.e.m.) as a percentage of baseline. Mice assigned to early-LTP group showed a 139.0±5.8% increase in the fEPSP response 10 min after HFS. However, this potentiation did not persist, and decayed to baseline within 60 min (104.0±3.7% at 60 min after HFS, and 101.4±10.4% at 160 min after HFS). The late-LTP group showed robust LTP at all time points analyzed (171.3±6.4%, 153.4±16.9% and 163.1±17.4%, respectively). At the end of recording, the magnitude of potentiation in the late-LTP group was significantly greater than the early-LTP group (*P*\<0.0001, Student\'s *t*-test). (**b**) Following the induction of late-LTP, a significant increase in the number of neurospheres was observed in the low K^+^ condition, compared with the early-LTP group (*P*=0.0051, Student\'s *t*-test with Welch\'s correction). (**c**) The magnitude of LTP, calculated 60 min after HFS, showed a significant positive correlation (*r*=0.879, *n*=15, *P*\<0.0001, Pearson\'s correlation) with the number of neurospheres grown *in vitro,* after hippocampi were dissected 2 days after HFS. Arrow indicates HFS, error bars indicate s.e.m., low: low K^+^, high: high K^+^. ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001. Abbreviations: fEPSP, field extracellular postsynaptic potential; HFS, high-frequency stimulation; LTP, long-term potentiation.](tp201170f2){#fig2}

![Proliferation and differentiation was significantly enhanced in the LTP(+)-stimulated hippocampus. The effect of LTP induction on precursor cell proliferation and differentiation was assessed by BrdU incorporation. BrdU was administered 4 days after LTP induction, and mice were killed 30 min (proliferation) or 1 week (differentiation) after the last BrdU injection. (**a**) The number of BrdU-positive cells per length of the dentate gyrus (mm) was significantly enhanced in stimulated hippocampi of the LTP(+) group, relative to the unstimulated hemisphere (*P*=0.0381, *n*=5, Student\'s paired *t*-test). Furthermore, there were a greater number of BrdU-positive cells following LTP induction, compared with the CPP group (*P*=0.0096, *n*=5, Student\'s unpaired *t*-test) and LFS group (*P*=0.0028, *n*=6, Student\'s unpaired *t*-test). (**b**) Following LTP induction, the number of BrdU/DCX double-positive cells per perimeter length of the dentate gyrus (mm) was significantly enhanced in the stimulated hippocampus compared with the control hippocampus (*P*=0.0053, *n*=6, Student\'s paired *t*-test). BrdU/DCX-double labeling also revealed a significantly greater number of neurons in the stimulated hippocampi of the LTP(+) group compared with the stimulated hippocampi of the CPP (*P*=0.0121, *n*=6, Student\'s unpaired *t*-test) and the LFS (*P*=0.0084, *n*=6, Student\'s unpaired *t*-test) groups. (**c**) Representative maximum intensity projection image of BrdU (red) and DCX (green) immunostaining reconstructed from 40 optical sections of the LTP-stimulated hippocampus of the LTP(+) group. Inset shows a higher magnification, orthogonal view image of the indicated region in a single optical section, to illustrate that individual cells were double labeled. Scale bar: 50 μm in main image, 20 μm for inset. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01. Abbreviations: BrdU, 5-bromo-2′-deoxyuridine; C, control side; CPP, 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid; DCX, doublecortin; LTP, long-term potentiation; S, stimulated side.](tp201170f3){#fig3}
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